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INTRODUCTION 
Reservoirs are a distinct type of freshwater ecosystem 
differing from both lakes and rivers (reviewed by Baxter, 
1977). Odum's (1971) concept of pulsed ecosystems seems 
applicable to impoundments since they are constantly 
disturbed by fluctuating river inputs. However, reservoirs 
are not independent units, but are disturbances in larger 
free-flowing river ecosystems. They are intimately 
connected to the upstream watershed. 
The significance of upstream inputs to the physical and 
chemical limnology of reservoirs is recognized (Baxter, 
1977). Carmack et al. (1979) give a good example of complex 
river-lake hydraulic interactions; however, the 
phytoplankton ecology of the upstream river-lake interface 
has received very little attention. Many studies have dealt 
with the downstream effects of impoundments on the river 
phytoplankton (reviewed by Baxter, 1977; Whitton, 1975; 
Hynes, 1970; Neel, 1966), but the few investigations that 
have considered the effects of river inputs on lake 
phytoplankton have addressed only a small subset of the 
important phenomena. For example, modelling efforts by 
DiToro et al. (1971) treat only the dilution effects of an 
inflowing river although in many systems the river supplies 
rather than dilutes the reservoir phytoplankton. Recent 
work by Malone and Chervin (1979) and Malone and Neale 
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(1981) on phytoplankton ecology in the Hudson River plume 
may be applicable to the lotic-lentic interface of 
reservoirs since this estuarine system is roughly analogous 
to a river entering an impoundment, but these investigations 
do not address the relationship between estuarine 
phytoplankton and the inflowing river algae. At Red Rock 
Reservoir (Des Moines River, Iowa) and in similar 
impoundments, an understanding of this connection is central 
to an explanation of phytoplankton dynamics. 
In many turbid reservoirs, algal abundance declines 
downstream from the river inlet despite high nutrient 
concentrations and increasing light penetration (Jones and 
Novak, 1980; Vandenberg, 1978; Marzolf and Osborne, 1972). 
Red Rock Reservoir shows this same pattern. Algal inputs 
from upstream are substantial (chlorophyll-a levels often 
over 100 mg/m3) and nutrient levels are greatly elevated, 
with total phosphorus in the range 300-1000 mg/m3 (about 25% 
is orthophosphate) and inorganic nitrogen concentrations on 
the order of 6-7 mg/1, so that both nitrogen and phosphorus 
concentrations are about four times the values used by 
Vollenweider (1968) to define hypereutrophic lakes. 
Nonetheless, algal abundance within Red Rock declines 
sharply downstream. 
This algal gradient seems anomalous, but must be due to 
either physiological decline (related to light and nutrient 
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availability, the presence of toxicants, or algal 
pathogens), predatory losses (zooplankton grazing), or 
physical removal (horizontal or vertical transport). Since 
nutrient levels are high, and McGrath (1973) and Asch (1971) 
found that zooplankton numbers near the river inlet are low, 
I hypothesized that the algal gradient at Red Rock Reservoir 
is tied to the influx of riverine algae that are ill-suited 
to lacustrine conditions. 
The existence of true river phytoplankton has been 
debated (reviewed by Hynes, 1970) , but it has been 
demonstrated that rivers favor different types of drifting 
algae than do lakes (Hynes, 1970; Whitton, 1975). The 
source of riverine phytoplankton may explain this difference 
and Swanson and Bachmann (1976) give evidence that suspended 
algae in Iowa rivers are mostly derived from the upstream 
benthos rather than from lacustrine réfugia. The diatoms 
which normally dominate the Des Moines River phytoplankton 
(Baumann et al., 1979, 1980, 1981; Starrett and Patrick, 
1952) could be of benthic origin, but regardless of their 
source, such heavy-walled algae have a selective advantage 
in abrasive riverine conditions. High algal sinking speeds, 
resulting from dense silica frustules, are useful for 
evading nutrient depleted micro-zones and are balanced in 
the river by turbulent upward transport. This advantage 
disappears,however, when the river enters an impoundment and 
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river-adapted or primarily benthic algae must either adjust 
to the reduced turbulence regime or be replaced by more 
suitable forms. 
During this study, average hydraulic retention times at 
Red Rock Reservoir were on the order of 2-3 weeks, but 
Thornton et al. (1980) show that short-circuiting through 
the main stem of Red Rock allows river inputs to exit the 
reservoir in about half this calculated average. This high 
flushing rate allows little time for the action of nutrient 
or light limitation. Inflowing river phytoplankton must 
either rapidly adjust or be pre-adapted to reservoir 
turbulence levels to avoid major sinking losses. I believe 
that such losses are a major factor in creating the algal 
gradient at Red Rock Reservoir. 
My specific objectives in this study were twofold. The 
first was to estimate the role of sinking in the algal 
biomass budget of Red Rock Reservoir; and second, assuming 
that major sinking losses occur, I hoped to determine if 
there are longitudinal changes in the phytoplankton that 
reflect increased selective pressure against rapidly sinking 
algae. 
To meet the first objective, I constructed algal 
biomass (chlorophyll) budgets for two longitudinal segments 
in Red Rock Reservoir. These were based on a mass balance 
model of the sort; 
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d(CZ)/dt = G + I- D- S- P- B (1) 
in which: 
C = Concentration of algae 
G = Growth by in situ photosynthesis 
I = Import of algae from upstream 
D = Physiological death and respiration 
S = Sedimentation losses 
P = Losses due to zooplankton prédation 
E = Downstream export 
Z = Total depth of the water column 
For this study, I used long-term averages and an 
assumption of steady-state, making this model a simple algal 
budget for each reservoir segment. I tested the null 
hypothesis that sinking losses are not significant by 
quantifying the terms in these budgets. Partitioning 
between grazing and respiration losses was not my major 
concern, but I maximized the estimated sum of these non-
sinking losses to insure that rejection of the null 
hypothesis was a conservative decision. 
In developing these budgets, I estimated algal growth 
from in situ productivity measurements and calculated 
loading and export of algal biomass (chlorophyll a ) from 
weekly chlorophyll measurements and river discharge data. A 
maximum estimate of grazing and respiration was indirectly 
derived from in situ dark-bottle measurements. Lower limits 
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on sinking losses were estimated from mass balance by 
subtracting both maximum estimated grazing and measured 
respiration from total system losses. Analysis of 
phytopigment content in sediment cores verified the sinking 
estimates. 
TO meet the second objective, calm-water phytoplankton 
sinking speeds were measured in the lab with a settling 
chamber technique. Sediment core phytopigments were also 
analyzed to test for a longitudinal change in algal sinking 
rates. Since increased algal size generally leads to both 
increased sinking speed (Smayda, 1970) and reduced specific 
growth rate (Harris, 1978) , I hypothesized that the impact 
of major sinking losses should also appear as a population 
shift toward smaller phytoplankton downstream of the 
turbulent river inlet. This predicted decrease in 
phytoplankton size was tested by chlorophyll size-
fractionation. The size distribution of diatoms in sediment 
cores was used to check this result. 
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MATERIALS AND METHODS 
Study Site 
Red Rock Reservoir is located in south central Iowa on 
the Des Moines River southeast of the city of Des Moines 
(Figure 1), At normal pool elevation (222 m MSL) the 
surface area is approximately 5400 hectares and volume is 
about 1.2 X 108 m3 (98,000 acre-ft). Mean depth is about 2 
m with a maximum depth of 11 m near the dam (maximum depth 
determined by field measurements, other morphometry derived 
from elevation and storage data supplied by U.S. Army Corps 
of Engineers, Rock Island District, Rock Island, Illinois). 
The dam was closed in the spring of 1969 and full flood pool 
was reached later that summer. Mean hydraulic retention 
time during this study ranged between 3 - 135 d with an 
annual average of 20 d. 
Field Monitoring and Productivity Studies 
Field sampling and in situ primary productivity 
measurements were made on a weekly basis at four reservoir 
sampling sites (figure 2). The sites were chosen to 
represent the river-inlet, major side-arm, mid-pool, and 
near-dam zones. 
Several depths at each station were used for in situ 
incubations. The number of samples and exact locations were 
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defined by contract with the Army Corps of Engineers and 
depended upon reservoir surface elevation and water 
transparency (as measured with a Secchi disk) as follows; 
1. Three replicates of both light and dark-bottles 
were incubated at a depth of 10 cm below the water 
surface. 
2. The arrangement at the 10 cm-depth was repeated at 
every meter down to and including the Secchi 
depth. If Secchi depth was less than 1 m and 
greater than 10 cm the replicate light and dark-
bottles were placed at both the 10 cm-depth and 
the Secchi depth. 
3. Only triplicate dark-bottles were incubated below 
the compensation point starting 1 m beneath this 
level if these bottles would remain at least 1 m 
above the bottom. The compensation point was 
defined as twice the Secchi depth. 
4. An additional set of triplicate dark-bottles was 
incubated 0.5 m above the bottom if this was in 
the aphotic zone (i.e., below the compensation 
point defined in 3 above). 
Water samples for productivity estimates were taken 
from the incubation depths using a 2.5-1 opaque plastic Van 
Dorn. Samples were protected from aeration or exposure to 
direct sunlight prior to incubation. 
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Duplicate oxygen samples from each Van Dorn grab were 
fixed for Winkler determinations, and as soon as all the 
light/dark-bottles at a site were filled, the sampling crew 
attached them to an incubation rig and lowered them to the 
appropriate depth. A specially designed bottle holder 
clamped the incubating bottles by their necks and kept them 
horizontal in a circular array around the suspending line. 
The 10 cm sample set hung apart from the rest to avoid 
shading the next lower group of bottles. Spacing between 
the lower sampling depths was great enough to avoid this 
problem. 
All incubations were timed to bracket solar noon. Due 
to the time required for both sampling and between-station 
travel, the incubation starting times were staggered over a 
1.5 - 2 h period. Over the course of this study,the 
incubation periods varied between 2 and 4 h. but all 
reasonable care was taken to keep the elapsed incubation 
time constant for all samples on any given day. The 
standard deviation within a day over the study was about 7 
min or 3% of the total incubation time. 
Dissolved oxygen measurements were made with the azide 
modification to the Winkler method as described in Standard 
Methods (APHA 1975). A 102 ml sample was titrated using 
0.0250N PAO solution obtained from Hach Chemical Co. 
I calculated gross productivity as the difference 
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between the light and dark-bottles at each depth, and I 
determined the integral gross oxygen production rate at each 
site by simple trapezoidal methods using the assumption that 
gross productivity goes to zero at twice the Secchi depth 
(an assumption of this kind was necessitated by the 
incubation arrangement). 
Field measurements of vertical light extinction using a 
photosynthetic quantum sensor (Licor model LI-192SB) showed 
that the 1% light level was between 2.6 and 3.2 times the 
Secchi depth. Assuming that gross photosynthesis parallels 
light availability below the Secchi depth, this finding 
implies that the integration method described above 
underestimates (by 2-6%) the results obtained by a more 
conventional incubation scheme. 
Integral values for respiration, net productivity, and 
chlorophyll a were calculated using an unmodified 
trapezoidal method since the required data were collected at 
all incubation depths. 
For daily production estimates, I multiplied observed 
hourly rates by 0.667 times photoperiod (h/d). This assumes 
average productivity during daylight is about 2/3 the 
maximal rate observed around solar noon (Lind 1979). For 
calculating daily integral respiration, I assumed that dark-
bottle respiration rates were unchanged over 24 h. Dividing 
daily gross integral production by respiration yielded a 
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daily P;R ratio. 
Vertical temperature profiles (0.5 m depth increments) 
were taken with a calibrated thermistor probe at each 
sampling site. 
For chlorophyll a analysis, a measured volume of lake 
water was filtered through a Gelman type GPC glass fiber 
filter, followed by extraction and determination of 
chlorophyll a, corrected chlorophyll a, and phaeophytin a 
according to the methods of Richards with Thompson (1952) 
and Yentsch and Menzel(1963) using the equations of 
Strickland and Parsons (1968) . 
Chlorophyll size-fractionation was achieved by gravity 
filtering or gentle suction filtering (vacuum < 20 mm of Hg) 
lake water samples through a series of Nitex screens having 
different mesh sizes (80, 53, 25, 10, micrometers nominal 
size) . After passage through each screen, a subsample 
(50-500 ml) was taken from the filtrate for chlorophyll 
analysis as described above. The remainder of the filtrate 
was passed through the next smaller screen. 
Chlorophyll concentration within a size class was 
calculated as; 
Cij = Ci - Cj (2) 
where: 
Cj^j = the chlorophyll concentration between mesh 
sizes 'i' and 'j' (i>j) 
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= the concentration in filtrate passed 
through screen size 'i' 
Cj = the concentration in filtrate passed 
through screen size 'j' 
If Ci was less than Cj then both Ci and Cj were set equal to 
the mean of the original C i and Cj. 
Sediment Study 
For the sediment study, I arbitrarily divided the main 
pool of the reservoir into four zones (figure 3) and each 
zone was gridded off into squares 200 m on a side. A 
computerized randomization procedure (SAS Institute Inc. 
1979) picked 15 of these squares from each zone and I 
located these sites in the field by triangulating off 
surveyed landmarks with a marine sextant. 
Core samples were collected between 4-6 March 1981 
using a brass free-falling type core sampler equipped with a 
clear acrylic liner. Water depth was recorded at each site. 
The coring tube was kept vertical at all times and care was 
taken to avoid agitation of the sample. Upon retrieval, a 
plunger was used to gently push the top 3 cm of core 
vertically out the top of the tube. The exposed core was 
then sliced off into a small plastic bag and sealed. 
Sediment samples were stored in the dark at 2-3° C until 
analysis (60-90 d after collection). Just prior to analysis 
ZONE 1 
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Figure 3. Sedimentation zones and core sampling sites at Red Rock Reservoir 
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the 3 cm core sample was throughly mixed by gently hand 
kneading the plastic bag for 2 min. 
Dry weight and organic weight were determined in 
triplicate using the methods of Wetzel and Likens (1979) 
which employ 24 h of drying at 105° C and incinerating at 
550° C for 2 h. Specific Gravity of the core material was 
determined by Standard Methods (APHA 1975) using a 25-ml 
weighing tube. 
Pigment degradation products were extracted from three 
replicate subsamples with a modification of Yentsch and 
Menzel's (1963) technique for chlorophyll analysis. 
Approximately 2 g of wet sediment was placed in a tared 
homogenizing tube and then weighed (iO.Olg). After addition 
of 2-3 ml of 90% acetone to the tube, the material was 
homogenized for 1 min. The homogenate was then poured into 
a graduated centrifuge tube and both grinding tube and 
pestle were carefully rinsed with small amounts of 90% 
acetone. This rinse was then combined with the original 
homogenate and more 90% acetone added as needed to bring the 
total volume to 7.0 ml. The sample was tightly sealed with 
a screw cap and placed in the dark at 2-3° C for 12-24 h. 
Following extraction, the samples were spun at 2/3 maximum 
speed in a clinical centrifuge for 2 min. The tubes were 
then shaken to rinse material from around the neck and the 
centrifugation procedure repeated. 
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Absorbance of room-temperature supernatant was measured 
at 662nm and 750nm in 1-cm light-path cuvettes. The 
equations of Strickland and Parsons (1968) for phaeophytin 
were employed to calculate pigment concentration in the 
extract and I used original wet weight and specific gravity 
to express pigment concentrations on a sediment weight and 
sediment volume basis. 
Average sediment accumulation rates on seven transects 
overlaying the study area were previously measured by the 
Army Corp of Engineers (summarized by Thornton et al. 1980). 
I estimated total sediment accumulation rates at each of my 
sampling points by linear interpolation between these 
earlier sediment transects. Net daily pigment flux into the 
sediments was calculated by multiplying sediment pigment 
concentration (mg/mg) by sediment density (g/cm3) and 
sedimentation rate (cm/d). I also calculated a relative 
specific sinking rate (drl) for each zone by dividing daily 
pigment flux by the zone average for integral chlorophyll 
(mg/cm2). A relative net sinking velocity was calculated by 
dividing daily pigment flux by the zone average volumetric 
chlorophyll concentration (mg/cm3). 
For diatom analysis, approximately 200 mg of mixed 
sediment was placed in a tared centrifuge tube and weighed 
to the nearest 0.1 mg. Excess organic material was removed 
using a modification of Van der Werff's (1953) oxidation 
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technique. Hydrogen peroxide (2 ml, 30%) was added to the 
sample and after about 1 min a single crystal of sodium 
dichromate (10-20 mg) was introduced. When the reaction 
ceased the mixture was gently spun for 5 min at 1/2 maximum 
speed in a clinical centrifuge. The supernatant was 
carefully aspirated without disturbing the pellet and 
rinsing was accomplished by resuspending the pellet in 7.0 
ml of distilled water, centrifuging as before, and then 
aspirating the supernatant. I repeated the rinsing 
procedure three times and finally resuspended the pellet in 
30% glycerol. The volume of this final suspension was 
adjusted by trial and error to obtain a diatom concentration 
of roughly 200 frustules/ul. A 5.0 microliter aliquot of 
the mixed suspension was micropipetted onto a clean 
coverslip and dried by placing the coverslip on a warm hot 
plate (< lOOO C) and gradually (over about 10 min) raising 
the temperature to approximately 350° C to insure complete 
evaporation of the glycerol. The dried sample was mounted 
in Hyrax and examined under oil immersion at 1500X. 
The lower surface tension and higher viscosity of the 
30% glycerol solution resulted in more even distribution of 
frustules within the dried sample, but the edge of the 
original sample drop was still detectable as a light band of 
small crystals and sand particles. Each unbroken frustule 
within the sample was identified to genus when possible and 
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assigned to one of nine size categories based on a 
measurement of the largest linear dimension. I used 
original sediment sample weight, total volume of the 
glycerol suspension, and volume of the aliquot to convert 
frustule counts to concentration in the wet sediment. 
Algal Sedimentation Measurements 
Sinking of natural phytoplankton assemblages was 
measured with a settling chamber technique similar in 
principal to that of Eppley, Holmes, and Paasche (1967a), 
but I used 14c to follow algal movements rather than 
conventional photometric or microscopic methods. Compared 
to these methods, use of a radiotracer gives dramatic 
improvement in detection sensitivity and allows easy 
discrimination between actively growing algae and dead 
material. 
The settling chambers consisted of cylindrical glass 
jars approximately 15 cm tall with an inside cross section 
of 62.1 cm2 (inside diameter 8.99 cm). Dimensional 
uniformity of all jars was checked by three repeated 
determinations of volume in two successive layers of 
precisely measured thickness (5.0 ±0.1 cm). I rejected jars 
which deviated more than 1.5% from the expected volume. 
A water bath system maintained sample temperatures to 
within ±0.5° C during the settling period. The water baths 
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were located in a walk-in environmental chamber with 
accurate temperature regulation. A heat exchanger insured 
that bath circulating water remained in thermal equilibrium 
with ambient chamber conditions. A large circulating volume 
(about 120 1) buffered the water baths from short-term 
temperature fluctuations. Two 40-watt fluorescent tubes 
located about 20 cm above the water bath supplied 
illumination. Incident light at the water bath surface was 
about 150 juEin/m2/sec (determined with a Licor Model LI-185B 
Quantum/Radiometer/Photometer with an LI-192SB quantum 
sensor). This light level is about 10% of direct sunlight. 
A special device was fabricated for withdrawing water 
from the upper half of the settling jars without disturbing 
the lower segment (Figure 4). The apparatus consisted of a 
rigid hollow suction tube (1.27-cm diameter polycarbonate 
tubing) flanged and sealed at the lower end. Perforations 
(2 mm diameter) were made in the tube to draw in water just 
above the horizontal baffle A screw cap was drilled and 
fitted with a guide sleeve (1.27-cm inside diameter pipe 
nipple) which was held rigidly vertical by a nut on either 
side of the screw cap. The suction tube fitted tightly 
through this sleeve. 
Once this apparatus was mounted on a calibrated 
settling jar, the downward reach of the suction tube was 
precisely controlled by an adjusting nut threaded over the 
I 
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upper end of the tube. Reproducibility with this device was 
±1 ml in a 350 ml suctioned volume. 
To test the specificity of the apparatus, a 20% NaCl 
solution at 5° C was dyed with Rhodamine B and placed in the 
bottom half of a settling jar. This was layered over with 
350 C tapwater. The upper layer was then rapidly drawn off 
with the suction apparatus to within about 2 mm of the 
interface without disturbing the lower layer. I deemed this 
adequate performance for these experiments. 
Sinking experiments were performed in late summer 1980 
(27 Aug., 9 Sep., 17 Sep., 1 Oct.). Samples were collected 
from the surface at stations 1 and 4 (Figure 2) using 20-1 
plastic carboys. The samples were returned to the lab 
immediately (about 2-h transit time) and the environmental 
chamber set to ambient water temperature (usually within 2o 
C of previous setting). Each settling chamber was then 
filled with 700 ±1 ml from one of the well-mixed sample 
carboys. Six replicate chambers were used for each sampling 
site. After filling, the settling chambers were closed with 
screw caps and half the replicates wrapped in aluminum foil 
to exclude light. The settling chambers were allowed to 
equilibrate for 1 h in the water bath and then shaken. 
Elapsed settling time began when shaking was completed. 
The samples settled for 14-16 h (exact time was 
recorded) and then the contents in the upper half of each 
1 
23 
settling chamber (350 ±2 ml) were gently drawn off into 
collecting flasks using the previously described apparatus 
(Figure 4). Next, the drawn-off sample and the bottom layer 
were each thoroughly shaken and exactly 200 ml (measured 
with a volumetric flask) from each of the layers was placed 
in a separate 300 ml BOD bottle. Each BOD bottle was 
inoculated with approximately 0.7 jjCi of 14c sodium 
bicarbonate solution (New England Nuclear), sealed, and 
promptly placed in a water bath incubator maintained at the 
same temperature as the settling apparatus (± 2o C). Since 
specific activity varied appreciably between ampoules of 
labelled bicarbonate, all bottles in any experiment were 
inoculated from the same ampoule. 
Inoculated samples were incubated under 300 pEin/m2/sec 
(20% of full sun) supplied by incandescent reflector lamps 
held at 15 cm from the samples. After a 6-h incubation,the 
samples were removed from the incubator and placed on ice in 
total darkness. Size-fractionation and filtration were 
begun immediately and usually completed within 9 h. Sample 
filtration order was completely randomized over the entire 
filtration period, but all actual filtration times were 
recorded and later analysis revealed no significant 
difference in measured 14c uptake between samples filtered 
within 3 h of incubation and replicates filtered 6 to 9 h 
later (t = 0.76, n = 38, p = 0.45). The 14c labelled 
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samples were size-fractionated in the same fashion as in the 
chlorophyll analysis. Samples were gravity filtered or 
gently suction filtered (vacuum < 20 mm of Hg) through 
different mesh sizes of Nitex screen (80, 53, 25, & 10 jum) . 
A carefully measured amount (usually 10.0 ml) of filtrate 
from this screening was then filtered through a 0.45-pm 
membrane. Membrane filters were assumed to retain all fixed 
14c. After filtration the membrane filters were placed in 
scintillation vials, dried,fumed with HCl for 20 min, and 
dried again. Each sample was counted in 10 ml of toluene-
based scintillation cocktail (PPO + bis MSB, #3a20 Research 
Products International Corp. 2692 Delta Lane Elkgrove 
Village, Illinois 60007) for 5 min or ten thousand counts 
in a Beckman DPM-100 scintillation counter using full-open 
discriminator settings and gain of 650. Background and 
dark-bottle uptake were negligible (< 50 cpm together) and 
data were not corrected for these effects. Quenching was 
assumed constant over all samples. 
The 14c uptake activity in any size class was defined 
as: 
- A] (3) 
where: 
A^j = activity between size 'i' and size 'j' (i>j) 
A^ = activity passing through larger screen size 
' i' 
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Aj = activity passing through smaller screen size 
'j' 
For j = 80um, Aj. is the activity in an unscreened sample. 
Because size-fraction activities were determined by 
difference, small negative activities were sometimes 
calculated. When this occurred I assumed that there was no 
activity in that size class or that the entire fraction had 
settled and so no rate calculation was performed. Negative 
sinking rates, however, were allowed in this scheme. 
Settling rates and velocities were calculated as 
follows; 
Sinking Fraction & 1 -(2A^)/(A^ + A^) (4) 
Sinking Rate = Sinking Fraction/Elapsed Time (5) 
Sinking Velocity = Sinking Rate x Z (6) 
Where: 
A^ = activity (cpm) in the upper layer of 
settling chamber. 
A^ = activity (cpm) in the lower layer of 
settling chamber. 
Z = thickness of upper layer (cm). 
Elapsed time = settling time in hours. 
The experimental protocol allowed these simplified 
calculations. Since all incubated samples received the 
14 
same initial C dose, were incubated for approximately the 
same length of time, and had the same volume filtered, raw 
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counts could be used directly. Equation (4) is appropriate 
because the settling chambers were divided exactly in half. 
Since a 14-15 h settling period was used in these 
experiments, it is somewhat misleading to calculate settling 
velocities using equation (6) because sinking rate would 
decline over the settling period as rapidly sinking forms 
were totally removed. Therefore,the data were analyzed as 
settling fractions (equation (4)) after applying the arcsin 
transformation (Snedecor and Cochran, 1967) . 
Planktonic Chlorophyll Diagenesis 
A single chlorophyll diagenesis experiment was begun on 
4 May 1981. Water was collected in 20-1 plastic carboys 
from the surface of Red Rock Reservoir (Stations 1 & 4; 
Figure 2), and these samples were returned immediately to 
the lab, where the water was strained through an 80-um 
plankton net to remove zooplankton. A subsample of the 
screened water (600 ml) was placed in each of 18 replicate 
jars (used for settling chambers in the earlier experiments) 
for each sampling site. Masking tape was attached to the 
side of each jar containing water from station 1. This made 
it possible to identify the sample types in total darkness. 
The 36 sample jars were left open to the air and randomly 
arranged in a darkened light-tight environmental chamber set 
at ambient water temperature (180 C). Starting time (2200) 
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was recorded and triplicate chlorophyll analysis was 
performed immediately on additional samples of the filtered 
water. 
At 24 h intervals, under conditions of total darkness, 
three randomly chosen replicates from each of the two 
sampling sites were removed from the environmental chamber 
and immediately analyzed for chlorophyll a and phaeophytin a 
(methods as previously described). 
Chlorophyll Budget 
Weekly chlorophyll determinations, primary productivity 
data, and daily discharge measurements (obtained from the 
Army Corps of Engineers project office at Red Rock Reservoir) 
were combined to create a mean daily chlorophyll budget for 
Red Rock Reservoir. Since data were collected at three 
mainstream sites, the reservoir was divided into two 
sections. I designated the area above station 3 as the 
river-inlet segment, and that below station 3, the near-dam 
segment. I measured the surface area of these two zones 
planimetrically from USGS topographic maps (7-minute 
quadrangles), but inadequate depth resolution (3.28 m 
elevation contours) and recent sediment accumulations made 
these charts unsuitable for estimating average depth, so 
depth soundings from my sediment core study (30 sites per 
segment) supplied this estimate. These soundings should 
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accurately represent average water depth since Red Rock 
Reservoir occupies an inundated floodplain whose original 
minimal relief has been further reduced by enhanced 
sedimentation in the old river channel. The depth values 
were in good agreement with earlier transect studies at Red 
Rock (Baumann et al., 1979, 1980). 
Transport past the three mainstream sampling sites was 
calculated by multiplying the chlorophyll a concentration by 
the measured flow. I assumed that total discharge between 
stations was unidirectional and conservative, with no 
significant additions or losses, and that total reservoir 
inflow passed station 1. The flow passing stations 3 and 4 
was taken as the average of total inflow and outflow. 
Inputs of chlorophyll a via in situ production were 
estimated from primary productivity data using a 
photosynthetic quotient (PQ = moles of oxygen released: 
moles carbon dioxide assimilated) of 1.2 (Strickland and 
Parsons, 1968) to convert oxygen evolution to carbon 
assimilation, and a carbon;chlorophyll ratio of 50 to 
convert carbon assimilation to chlorophyll production. 
Daily chlorophyll production was estimated from daily 
oxygen production calculated previously. Total system 
losses for each segment were taken as the difference between 
total input (import + production) and export. 
I obtained two estimates of algal respiration. The 
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first came from model II regression (Sokal and Rohlf, 1969) 
of integral respiration on integral chlorophyll. For this 
analysis, the data were pooled from all stations over the 
entire growing season. The slope of the regression line 
(g02/h/mgChl/mg) was converted to a specific chlorophyll 
loss rate using the same carbon;chlorophyll ratio as before 
(50) and a respiratory quotient (RQ = moles carbon dioxide 
released:moles oxygen consumed) of 1.0 (Strickland and 
Parsons, 1968). 
The chlorophyll diagensis experiment, which excluded 
zooplankton, gave a more direct estimate of chlorophyll 
losses to respiration and endogenous decay. No significant 
change in the station 4 samples occurred over the 6 d 
experiment, but I fit an exponential decay model to the 6 d 
decline in station 1 samples. The slope of this line 
yielded a second estimate of chlorophyll loss to endogenous 
decay/respiration. 
I made several estimates of minimum algal sinking 
losses. The first approach was to subtract dark-bottle 
respiration from total system losses. This assumes that 
zooplankton grazing is adequately represented in the dark-
bottles, but any negative error introduced by this 
assumption should be more than balanced by the heterotrophic 
consumption of non-algal allocthanous material included in 
this measurement. 
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For a more conservative estimate of sinking losses in 
the river-inlet segment alone, I added the grazing rate 
extrapolated from the near-dam segment (discussed below) to 
the specific algal respiration rate (previously estimated by 
model II regression) and subtracted this sum from the total 
system loss. 
Chlorophyll standing crop divided by phaeopigment 
accumulation in the sediment gave a third estimate of 
chlorophyll-specific sedimentation rates (d-1). This 
assumed that chlorophyll was converted exclusively to stable 
phaeophytin and as a result should greatly underestimate 
actual downward chlorophyll flux. 
There were no data for directly estimating grazing 
losses at Red Rock but I used two indirect methods to set an 
upper limit on grazing. 
Dark-bottle respiration combines algal, zooplankton, 
and bacterial activity, and because significant consumption 
of allocthanous material occurs in the seston at Red Rock 
(via bacterial action etc.) this rate should overestimate 
respiration of algal biomass. Nonetheless,I assumed that 
the total dark-bottle respiration rate was strictly 
associated with chlorophyll consumption. I partitioned this 
loss into grazing and algal respiration by first expressing 
average daily integral oxygen consumption at each station as 
a chlorophyll flux by applying the conversion factors 
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discussed previously. I calculated specific chlorophyll 
loss rates (d-1) by dividing this flux by average 
chlorophyll standing crop (integral chlorophyll mgChl/m2) at 
each station. The contribution of grazing to this total was 
then calculated by subtracting the specific algal 
respiration rate determined earlier by regression. 
I developed a more generous estimate of grazing in the 
river-inlet by assuming all the system losses calculated in 
the chlorophyll budget for the near-dam zone were due to 
zooplankton grazing. This near-dam volumetric flux was then 
applied to the volume of the river-inlet segment to 
calculate chlorophyll flux and a specific loss rate due to 
grazing. This estimate was used in the actual chlorophyll 
budget calcuations. 
It has been well-established (Asch, 1971; McGrath, 
1973) that zooplankton abundance is maximal in the near-dam 
zone of Red Rock reservoir, and zooplankton grazing studies 
(Richman, 1966; Geller, 1975; Lampert and Schober, 1980) 
imply that grazing rates in this hypereutrophic reservoir 
should be food-saturated (algal carbon concentrations > 1 
mg/1) at all sites. High suspended-silt concentrations 
should further inhibit increases in zooplankton grazing rate 
(Marzolf and Arruda, 1980). Thus, applying the entire near-
dam system loss as zooplankton grazing in the river inlet 
should yield an extreme upper limit for that area. 
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RESULTS 
All physiochemical and in situ productivity data in 
this study were collected on 54 separate dates between June 
1979 and September 1980 and are listed in Baumann et al. 
(1981). These, and all remaining data are available from 
the Photo Service, lowa State University, Ames, Iowa 50011, 
as Supplement to Publication No. 09/17/81 Sdballe Ph.D. 
Thesis (Send $.50 in check, stamps, cash, or money order 
with complete return address including zip code for 
mailing). 
Gradients 
Mean values of chlorophyll a concentration, gross 
integral productivity, and Secchi depth (Table 1) clearly 
illustrate the longitudinal gradients in Red Rock Reservoir. 
Average chlorophyll concentrations at mid-pool were 
about half the river-inlet values and there was an 
additional 50% drop between mid-pool and the dam. Mean 
Secchi depth doubled over the length of the reservoir and 
the average integral productivity declined despite deeper 
light penetration. 
The average daily P;R ratio (Table 1) reflected 
diminished primary productivity downstream. The river-inlet 
site was autotrophic (P;R = 1.3) whereas the near-dam water 
column was strongly heterotrophic (P;R = 0.3). 
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Table 1. Means of Red Rock Reservoir physiochemical 
measurements 
Statn. Avrg. Integral Secchi Mean Daily 
Chi. Gross Prd. Depth Depth P;R 
mg/m3 gOg/m/h (m) (m) 
Ï 76.8 3.64 0.28 272 1.31 
2 40.1 2.70 0.38 2.7 0.83 
3 41.6 3.31 0.40 3.5 0.75 
4 20.0 2.31 0.56 9.8 0.32 
Volumetric dark-bottle respiration declined downstream so 
the change in trophic status was not due to enhanced 
heterotrophic activity. Nor does immediate light 
availability seem a major factor, since the reservoir seldom 
stratifies during the growing season and there is a nearly 
equal ratio of euphotic:mixed (total) depth at all sites. 
Phosphorus measurements by Baumann et al. (1979,1981) 
show that chlorophyll levels in this impoundment are only 
10-15% of the concentrations expected from the equations of 
Jones and Bachmann (1976), Dillon and Rigler (1974) or 
Carlson (1977) (Table 2). 
The observed chlorophyll levels downstream are more 
divergent from predictions than at the upstream site (Table 
2) and the change in chlorophyll over the length of the 
reservoir is about 1.5 times greater than expected solely on 
the basis of total phosphorus concentrations. 
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Table 2. Comparison of observed Red Rock Reservoir 
chlorophyll values to the predictions of several 
chlorophyll-phosphorus regression models 
Station 1 Station. 4 
Avrg. Total P mg/m3 426 214 
Avrg. Chlorophyll mg/m3 77 20 
Predicted Chlorophyll _ 
Jones St Bachmann (1976) mg/m^ 562 205 
Predicted;Observed 7.3 10.2 
Predicted Chlorophyll 
Dillon & Rigler (1974) mg/m^ 476 175 
Predicted;Observed 6.18 8.73 
Predicted Chlorophyll 
Carlson (1977) mg/m^ 566 208 
Predicted;Observed 7.3 10.4 
Chlorophyll size-fractionation revealed a significant 
diminution in both average and median size of chlorophyllous 
particles between station 1 and station 4 (Table 3 and 
Figure 5). Most of the chlorophyll a at both stations was 
associated with the ultraplankton fraction (< 10 ;im) . 
Regression analysis of mean algal size (based on chlorophyll 
fractionation) on total chlorophyll (overall or within 
stations) did not show a significant relationship between 
these variables (Table 4). 
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Table 3. Comparison of mean and median (pm) of algal size 
distribution (measured by chlorophyll 
fractionation) between station 1 and station 4 
Station N Mean size Median size 
1 17 21.5 13.5 
4 16 14.6 8.0 
T 3.33 2.50 
df 27.7 20 
p > T 0.002 0.021 
Probability of T based on conservative degrees of 
freedom using approximate T-test for samples with 
unequal variances. 
Ho for T: There is no difference between stations. 
Table 4. Summary of model I regression of mean algal size 
(based on chlorophyll size fractionation) on total 
chlorophyll concentration (mg/m3) using data from 
station 1, station 4, and both stations pooled 
Station F df p > F r2 
1 2.54 1,15 0.13 0.14 
4 2.09 1,14 0.17 0.13 
Both 1.77 1,31 0.19 0.05 
Ho for F; Slope of line = 0. 
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The Influence of River Discharge 
Analysis of chlorophyll and river discharge data 
suggested the river's role in generating the observed algal 
gradient. Regression analysis (Figure 6) showed that 
chlorophyll concentration at the river inlet (station 1) was 
related to the reciprocal of river discharge, but at mid-
pool (station 3) the maximum chlorophyll concentration was 
associated with intermediate flow (Figure 7). Chlorophyll a 
concentration at station 4 seemed independent of river 
discharge (Figure 8). 
Although chlorophyll a concentration was linked to 
river inflow at both stations 1 and 3, the relationship was 
plainly different at these two sites. To evaluate this 
difference I fit an exponential decay model to the 
chlorophyll a decline observed between these two stations as 
follows; 
Cg = X EXP(-rt) (7) 
substituting for t this can be transformed to; 
In(€3^/03) = - rV/Q (8) 
where; 
= the chlorophyll concentration at station 1. 
C3 = the chlorophyll concentration at station 3. 
r = the instantaneous decay rate between 
stations. 
t = the transit time between stations. 
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Figure 5. Percent total chlorophyll in each size fraction 
(mesh size in pm). Data averaged over entire 
sampling period 
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V = the effective reservoir volume between 
stations. 
Q = the river discharge. 
The regression results are summarized in Figure 9. The 
slope of this line estimates rV and substitution of the 
approximate between-station volume (1.8 x 107 m3) gave an 
instantaneous net decay rate of 0.3 d~l. 
The pattern in figure 7 can be viewed as the simple 
consequence of this same relationship. If in Equations 7 
and 8 is inversely proportional to river inflow (as 
demonstrated in Figure 6), then a maximum chlorophyll 
concentration at station 3 is expected from Equation 7 when 
1/0 = 1/rV. Assuming an r value of 0.3 d~l and volume as 
stated before, then a maximum should occur at station 3 when 
river discharge is about 60 m3/sec (1/Q = 0.016 sec/m3) 
which seems consistent with the peak shown in Figure 7. 
These data demonstrate an impressive net loss rate for 
algal biomass (chlorophyll a ) in the upstream area of Red 
Rock. Since there is also significant algal production in 
this area (Table 1), the mechanism(s) responsible for this 
decline must be highly effective. 
Chlorophyll-Specific Productivity 
The productivity data showed a significant downstream 
decline in chlorophyll-specific oxygen production (Table 5 
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and Figure 10) and it does not seem that increased aphotic 
volume produced this trend since it appeared in both the 
surface and integral productivity data. This declining 
growth rate was a possible contributor to the chlorophyll 
gradient and was included in the chlorophyll budget 
calculations presented below. 
Table 5. Summary of model I and model II regression of 
gross oxygen production on chlorophyll 
concentration at each station 
SLOPES mgOg/h/mgChl 
Station Surface Data Surface Data integral Data 
Model I Model II Model I 
1 22 23 3.6 
2 12 13 4.1 
3 14 16 2.9 
4 14 13 1.1 
P 11.4 - 78.3 
df 3,143 - 1,104 
F < 0.01 - <.001 
Ho: Slopes are equal at all stations. 
Counter to this pattern was a strangely uniform 
relationship between integral net productivity and 
volumetric chlorophyll a concentration (Figure 12). This 
was unexpected since it shows an areal rate (mg/m2) to be a 
constant linear function of a volumetric value (mg/m3) over 
a wide range and it implies some sort of compensation effect 
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(possibly coincidental). Substituting integral euphotic 
chlorophyll (chlorophyll concentration x Secchi depth) for 
average chlorophyll in this regression weakened the observed 
relationship (r2 = 0.45; p = .0001). 
Chlorophyll Budget 
The Red Rock Chlorophyll budget gave an approximate 
partitioning of losses between the most probable algal 
sinks. Figure 13 summarizes the chlorophyll budget 
calculations. 
Transport proved to be a major factor. Average flow 
into the reservoir over the sampled dates was 165 m3/sec 
with mean chlorophyll import of 0.59 metric tons/day. As 
expected from average chlorophyll concentration, the 
horizontal chlorophyll flux diminished by almost half (0.35 
metric tons/day) across mid-pool and declined 40% more at 
the outlet (0.21 metric tons/day). 
Results of the regression used to estimate maximum 
algal respiration appear in Figure 14. The model II slope 
(1.1 mg Oj/mg Chl/h) is in excellent agreement with the 
maximum value (1.0 mg Og/mg Chl/h) given by Harris (1978) in 
his review. Extrapolating this rate to 24 h, assuming an RQ 
of 1 (Strickland and Parsons, 1968) and a C;Chl 
(carbon;chlorophyll) ratio of 50 (discussed below) yielded 
the specific respiration rate of 0.19 d-1 used in the 
48 
PPR RPR 
( . 2 2 )  (.13) Export Import 
(.29) 
RIVER INLET NEAR DAM m 
1050 Hectares ( . 1 2 )  (.19) 
( . 0 8 )  (.19) 
(.42) 
TOTAL SYSTEM LOSSES 
1130 Hectares 
( <  . 0 1 )  ( . 01 )  
( . 2 0 )  
TOTAL SYSTEM LOSSES 
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chlorophyll budget. With this respiration estimate, algal 
respiration was about equal to in situ production in the 
river-inlet segment, but respiration exceeded production in 
the near-dam segment. For the near-dam segment, this algal 
respiration rate accounted for nearly all the total dark-
bottle activity, leaving a negligible loss to be explained 
by grazing in that area. For the upstream segment however, 
subtracting this algal respiration from the total dark-
bottle rate left a grazing loss of 0.04 d-1. In budget 
calculations for the upstream segment however, I applied a 
more generous grazing rate (0.08 d-1) obtained by using the 
entire dark-bottle volumetric respiration rate from the 
near-dam segment, where zooplankton grazing is maximal, as 
an estimate of volumetric grazing in the upstream segment. 
Sinking loss rates in Figure 13, which I derived by 
subtracting grazing and respiration losses from the total 
system loss, demonstrate both the importance of sinking in 
the upstream segment and the dramatic decline in sinking 
rate further downstream. Dividing these rates by the 
average water depth gave net sinking speed estimates of 
0.26 m/d in the river inlet and 0.06 m/d downstream. 
Sedimented Phytopigments 
Minimum sinking loss estimates based on sediment 
phytopigment analysis (Table 6) were in good agreement with 
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budget minimums calculated by mass balance (Figure 13). 
Table 6. Phytopigment sedimentation in four zones in Red 
Rock Reservoir. Loss rates and sinking speeds 
based on mean integral chlorophyll and overlying 
water depth 
Zone Pigment Pigment Sinking Sinking 
Cone. Flux Loss Rate Speed 
jjg/ml jjg/cm2 /y d-1 m/d 
1 20 416 0.15 0.17 
2 32 290 0.06 0.14 
3 26 185 0.03 0.13 
4 25 125 0.02 0.11 
HO 1=2=3=4 1=2=3=4 1=4 
F 6.51 13.97 2.18 
df 3,38 3,38 1,38 
p > F .0012 .0001 0.08 
Phytopigment analysis of sediment cores showed a 
significant difference in relative sedimentation flux and 
relative specific sedimentation rate between the sediment 
zones (Table 6). I found maximum rates in zone 1 with 
steadily lower rates further downstream. Differences in 
relative net sinking velocities were only marginally 
significant (Table 6). 
Chlorophyll Diagenesis 
The diagenesis experiment checked the chlorophyll 
budget estimate of maximum endogenous algal decay. The 
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experiment demonstrated an instantaneous chlorophyll a decay 
rate of 0.06 d-1 in station 1 samples over six days of total 
darkness (Figure 15). There was no significant decline 
observed in station 4 samples {Figure 16). 
This experiment was performed at 18o c, one degree 
below the average growing season water temperature (19o C), 
but even at this fairly high temperature, the observed 
chlorophyll losses were far below the algal respiration 
estimate used in the chlorophyll budget (0.19 d-1). 
Settling Experiments 
In the settling experiments, I found a significantly 
greater fraction of total carbon uptake activity settling 
from river-inlet than near-dam samples (41% vs. 22%; 
F=23.13; df=l,31; p=.001). This supports the hypothesis 
that fast-sinking algae at the river inlet are either 
removed or otherwise reduce their sinking rate during 
reservoir transit. 
Analysis also revealed that carbon-uptake activity 
associated with the ultraplankton fraction (< 10 pm) had the 
lowest sedimentation rate in the river-inlet samples 
(Table 7). This conforms to the frequently reported 
relationship of increased size leading to increased sinking 
velocity (Smayda 1970). In near-dam samples, this pattern 
was less clearly shown. The sedimentation rates for the 
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Figure 15. Chlorophyll diagenesis experiment - station 1. Ln(chlorophyll, 
mg/m^) vs. time (d). Model I regression line: In(Chl) = 4.8 - 0.062day 
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Figure 16. Chlorophyll diagenesis experiment - station 4. Ln(chlorophyll, 
mg/m^) vs. time (d). Model I regression line: In(Chl) = 1.6 - 0.009 day 
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ultraplankton fraction are remarkably similar at both 
station 1 and station 4 (Table 7), but the lowest 
sedimentation rate in station 4 samples was in the 
positively buoyant net plankton fraction ( > 53 ^ ra). The 
difference between ultraplankton and nanoplankton rates at 
station 4 seemed substantial (22% vs. 52%), but was only 
marginally significant (p = 0.06). 
Table 7. Contrasts between ultraplankton, nanoplankton, and 
net plankton sedimentation 
Source df F p > P Size % Settled 
Station 1^ 
I 
Size 4 3.01 0.271 <10/jm 19.6 
<10 vs. >10pm 1 7.65 .0081 10-53#m 49.0 
net vs. nano 1 1.26 .267 1 >53pm 64.4 
Error 48 Mean Square = 750 I 
Station 4 
I 
Size 4 7.23 .00031 <10pm 22.3 
<10 vs. >10pm 1 3.64 .06571 10-53jjm 51.6 
net vs. <53pm 1 18.44 .00021 >53^m -1.4 
Error 31 Mean Square = 539 1 
Analysis performed on arcsin transform of fraction settled 
in 14 h. Means in table have be converted back to percents. 
Contrasts shown for station 4 are non-orthogonal. Net 
refers to fraction > 53pm; nano = fraction between 10-53;im. 
These experiments also showed that the sedimentation 
rate of carbon uptake activity in darkness was significantly 
less than under illumination (21% vs. 48%; Table 8). This 
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Table 8. Overall effects of light and size on phytoplankton 
sedimentation rate 
Source df F p > F 
Light 1 11.78 ' .0010 
Light X Size 8 3.36 .0026 
Light X Statn 2 2.43 .0952 
Light X Size X Statn 8 5.80 .0001 
Error 69 Mean Square = 505.7 
Sedimentation Means 
Trt. Sta.l Sta.4 Overall 
light 56.6 30.5 47.9 
dark 24.5 17.9 21.2 
overall 41.5 22.4 
Note; n's are not all equal and means have been 
reconverted from arcsin transforms to percents. 
effect was most clearly demonstrated in station 4 samples. 
Generally, the size-fractionation of 14c uptake 
paralleled the results of chlorophyll fractionation 
(Figures 17 and 18). Most 14c uptake at both stations was 
in the ultraplankton fraction (Figure 17), but at station 1 
there was a greater proportion of activity associated with 
the larger, more rapidly sinking size-fractions. 
Sedimented Diatoms 
If larger algae sink more rapidly, as suggested by the 
settling experiments, and if sedimentation is a major algal 
sink in Red Rock Reservoir, then larger algal types should 
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Figure 17. Percent total 14c-uptake activity in each size 
fraction (mesh size in jam) . Pooled results of 3 
settling experiments 
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Figure 18. Percent total chlorophyll in each size fraction 
(mesh size in pm). Data from period of settling 
experiments only 
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be more concentrated in the upstream sediments. I found 
such a pattern in analyzing Red Rock sediment cores. 
Table 9. Comparison between mean size of sedimented diatoms 
in four zones at Red Rock Reservoir 
Source df F p > F Zone Mean Size (^m) 
Zones 3 12.65 .0001 
1 
1 1 16.6 
Contrasts 1 2 12.8 
1&2 vs 3&4 1 24.04 .0001 1 3 10.6 
1 vs 2 1 24.04 .0001 1 4 11.4 
3 vs 4 1 0.39 0.53 1 
Sedimented diatoms (Table 9 and Figure 19) showed a 
significant decline in cell size over the length of the 
reservoir. Diatom frustules under 10 pm (greatest linear 
dimension) dominated the sediments at all locations, but at 
the river inlet a substantial proportion of the frustules 
were larger than 15 um. These larger diatoms were extremely 
rare near the dam (Figure 19). 
Six diatom genera comprised 60-80% of the total count. 
Sorting these genera into centric and pennate diatoms 
produced two categories with significantly different 
sedimentation patterns (Table 10). Concentrations of 
centric diatoms (Stephanodiscus and Cvclotella) rose 
suddenly in zone 2 and then leveled-off downstream. Pennate 
diatom concentrations showed a maximum in the upstream zones 
0.5 
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0 . 2  
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Figure 19. Size composition of sedimented diatoms in four 
sediment zones at Red Rock Reservoir. Size-
class midpoints are in micrometers 
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with lower levels downstream. The accumulation rate of 
pennates declined very little between zones 1 and 2, but 
dropped sharply further downstream. The Gentries showed 
maximum accumulation in zone 2. 
Using overall counts, the highest frustule 
concentrations occured in sediment zone 2 (Figure 3). This 
reflected an accumulation rate (Table 11) higher than in 
adjacent zones (p = 0.02). 
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Table 10. Concentration and accumulation rates of 
sedimented diatoms grouped into centric and 
pennate categories 
Zone Frustules . | ' Frustule Flux 
106/ing 1 106 /cm2/y 
Gentries Pennates I Gentries Pennates 
- __ ; 3 269 9T 
2 35 8 409 98 
3 33 4 275 31 
4 15 1 90 5 
Table 11. Concentrations and accumulation rates of 
sedimented diatoms in four zones at Red Rock 
Reservoir 
Zone Frustules 
106/mg 
Frustule Flux 
106 / cm2 /y  
Phytopigment/Frustule 
10-6 pg/frustule 
1 12 360 1.2 
2 43 520 0.6 
3 37 308 0.6 
4 16 52 1.3 
F 
df 
p > F 
6.78 
1,20 
0.02 
Ho for F: Zone 2 flux is identical to the other zones. 
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DISCUSSION 
It is clear that impoundments like Red Rock Reservoir 
are dramatically different from most natural lakes, and 
require a different limnological perspective. River inputs 
dominate this system and the reservoir pool can be viewed as 
an in-line processor of river-borne material. Sharp 
longitudinal gradients of light penetration, primary 
production and algal biomass (Figure 1) testify to the 
biological and physiochemical changes occurring in the river 
water during reservoir transit. In this turbid, rapidly 
flushed impoundment, seasonal factors such as incident 
light, water temperature, and thermal stratification play a 
reduced role in phytoplankton dynamics. Internal cycling, 
primary production, and trophic structure seem less 
important than the composition of river inputs. Rapid 
flushing shortens the functional time scale of this system 
and uncouples algal biomass from the chlorophyll-phosphorus 
relationships described for most natural lakes. 
The prediction of chlorophyll from phosphorus assumes a 
time scale that allows algal biomass to eventually reach the 
phosphorus limitation. This assumption is violated under 
conditions of rapid water renewal. Nutrient levels may 
affect the quantity of algal inputs, but time limitations 
restrict nutrient influences on phytoplankton dynamics 
within the pool. Transport thus becomes more important and 
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this may help explain Canfield and Bachmann's (1981) finding 
that chlorophyll yields (per unit phosphorus) are 
significantly lower and less predictable in reservoirs than 
in natural lakes. 
The changing relationship between chlorophyll a 
concentration and river discharge over the length of this 
reservoir (Figures 6-8) demonstrates both the importance 
of algal transport and the in-pool attenuation of river 
influences. The inverse relationship between flow and 
chlorophyll concentration at the river inlet (Figure 6) is 
similar to that reported by Kilkus et al. (1975) and Swanson 
and Bachmann (1976) for many Iowa streams. At mid-pool 
however the connection between river flow and chlorophyll a 
fits a different pattern, consistent with riverine algal 
inputs being eroded away by exponential losses during 
reservoir passage (e.g. Equation 7). 
Phytoplankton Sinking Losses 
Algal losses are substantial in this system and the 
chlorophyll budget indicates that sinking is a major 
contributor. The budget estimates I used to arrive at this 
conclusion are subject to errors, but conservative measures 
were used throughout to guard the outcome against deviations 
from the basic assumptions. In producing a chlorophyll 
budget, I intentionally maximized non-sinking losses to 
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demonstrate that algal sinking was not significant, but this 
null hypothesis was soundly rejected. 
A separate problem in developing this budget was the 
C:Chl (carbon:chlorophyll) ratio. This ratio affected both 
the magnitude of the estimated total system loss and, to a 
lesser extent, the partitioning between sinking and non-
sinking losses. The value used (50) is in the middle of the 
literature range (20-100; Strickland and Parsons, 1968) but 
is higher than usually reported (20-40) for conditions of 
low light and high,nutrients (Perry, 1976; Eppley et al., 
1971; Eppley, 1968; Eppley et al., 1967a; McAllister et al., 
1961). Because in situ production exceeded algal 
respiration in the river-inlet segment, a higher CtChl ratio 
minimized the estimate of net in situ production and thus 
diminished estimated sinking losses derived by mass balance 
for this area. A further result was to slightly reduce the 
estimated grazing rate extrapolated from the near-dam 
segment to the river-inlet, but this rate must still be 
exaggerated. 
For the near-dam segment, where respiration exceeds 
production, a high C;Chl ratio has an opposite effect and 
the budget's sinking rate may be slightly overestimated 
here, but it is still negligible. 
Wide latitude in the C:Chl ratio is possible without 
adversely affecting the general budget conclusions. If the 
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actual C:Chl ratio is only 25 (half the value used in the 
budget calculations) then the loss rate due to sinking is 
reduced to 0.1 d-1 in the river-inlet (due to the increased 
grazing estimate) and is negative (-0.07) in the near-dam 
segment. With this low C:Chl ratio the longitudinal decline 
in sinking rate is still obvious. The river's influence is 
diminished, but algal imports to both segments still exceed 
in situ production. Doubling of the original C:Chl ratio 
(to 100) sharply increases the relative importance of both 
river inputs and sinking losses, but the relative difference 
in sinking between segments is retained and the original 
conclusions are augmented. 
Independent evidence from the sediment study however 
denies errors of this magnitude. Without correcting for 
either phorbin diagenesis or resuspension and transport, the 
upstream sinking rate calculated from sedimented 
phytopigments was 0.12 d-1. This value must be an extreme 
lower limit of actual algal sedimentation, but nonetheless 
it agrees fairly well with the original budget estimate for 
minimum sinking losses upstream (0.15 d-1). The value for 
the downstream area was 0.03 d-1 which also agrees with the 
budget calculation (0.01 d-1). 
Major errors affecting the interpretation of the 
sediment data should not reverse this conclusion. Both 
resuspension and phytopigment diagenesis tend to obscure 
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increased upstream sedimentation. Resuspension will 
transport materials into the deeper downstream segment and 
phytopigment decay should be greatest in the shallow 
upstream area due to both higher oxygen concentrations and 
greater chance for photochemical oxidation which Daley 
(1973) and Daley and Brown (1973) describe as primary 
factors in phorbin diagenesis. 
The effect of zooplankton on the observed pigment 
sedimentation pattern is uncertain. Zooplankton abundance 
increases toward the dam (Asch, 1971; McGrath, 1973), and 
Daley (1973) shows that substantial phorbin diagenesis (up 
to 70%) occurs during crustacean gut passage while 
phaeopigments are highly concentrated into fecal pellets. 
If sinking of viable algae is normally minimal in the near-
dam area however, it is possible that zooplankton grazing 
and deposition of fecal phaeopigments in this zone may cause 
a net increase in pigment sedimentation despite phorbin 
losses during gut passage. No data exist to directly 
evaluate this possibility and the field data did not show 
any increase in the phaeophytin;chlorophyll ratio over the 
length of the reservoir to indicate sequestering of phorbins 
by near-dam zooplankton. In any event, zooplankton probably 
play a minor role above sediment zones 1 and 2 where they 
are least abundant and where the greatest change occurs in 
the relative net sinking velocity of phytopigments. 
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The method I used to calculate total sedimentation was 
highly approximate, but I probably underestimated upstream 
rates relative to downstream. Because river discharge 
during this study was slightly below the previous 10 years' 
average (105 m3/sec vs. 136 m3/sec; Baumann et al., 1981) 
and no major flood events occurred, the total amount of 
sediment transported into Red Rock was probably less than 
usual with a disproportionate amount trapped near the river 
inlet. I estimated total sedimentation rates from the 
previous 10 years' accumulation, so the pigment 
sedimentation rate calculated for the upstream area may have 
been slightly high in absolute terms, but low in relation to 
the downstream sediment zones. 
Despite all these negative influences, significantly 
higher pigment sedimentation rates were still observed 
upstream and the sediment data are able to support the 
budget calculations. 
Diatom analysis of sediment cores gave further 
confirmation of this pattern. The increased sedimentation 
of diatoms in sediment zone 2 (Table 11) must result from 
either a sudden increase in diatom sinking or redeposition 
of diatomaceous material scoured from upstream. The 
alternative is a sudden dramatic increase of planktonic 
diatoms in the overlying water and this is highly unlikely; 
short retention time precludes it, and in fact sharp 
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declines have been observed in this area during intensive 
studies (Baumann et al., 1979, 1980). 
If increased diatom sinking produced the zone 2 
maximum, then these data are strong evidence for a sudden 
loss of river plankton due to a decline in turbulence. 
However resuspension followed by phorbin diagenesis and 
frustule redeposition is possible and suggested by the low 
pigment;frustule ratio in sediment zone 2 (Table 11). If 
resuspension produced the diatom peak in sediment zone 2, 
then evidence for increased diatom sinking in this area is 
diminished. However, if this is so, then the same mechanism 
must have also significantly reduced the upstream pigment 
accumulation. Correcting the pigment data for this effect 
would give stronger evidence for increased algal sinking in 
the upstream zone. 
The budget estimates and sedimented pigments both 
demonstrate significant algal sinking losses upstream, but 
actual sinking losses in this region may have been 
substantially above these minimum values. Sinking losses as 
high as 0.3 d-1 to 0.5 d-1 are not unlikely. 
The chlorophyll budget calculations assume that 
respiration, grazing, and sinking are the only mechanisms 
removing algal biomass from the water column. However, 
Baumann et al. (1979) suggest that algal toxicants may play 
a significant role in reducing the phytoplankton population 
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at Red Rock Reservoir (primarily via manganese inhibition of 
blue-green algae). Although this was not directly addressed 
in this study, the possible effects of toxicants or algal 
pathogens were indirectly incorporated into the chlorophyll 
budget via respiration and changes in specific growth rate. 
A marked increase in algal toxicants within the 
reservoir which could explain the observed algal gradient 
seems unlikely since the water column is well oxygenated and 
throughly mixed in the upper reaches where algal losses are 
maximal. There are no major discharges within or 
immediately above this zone which might introduce toxic 
material. The chlorophyll-specific oxygen production rates 
observed in the surface waters (Figure 11) were in the upper 
half of the reported range for maximum production (1-30 mg 
Og/mgChl/h; Harris, 1978), and since maximum rates are 
normally observed below the surface, these data suggest that 
the phytoplankton are in good physiological condition. 
Still, there is a slight decline in chlorophyll 
specific growth rates over the length of the reservoir 
(Figure 11) which remains unexplained. The longitudinal 
declines in phosphorus concentrations reported by Baumann et 
al. (1980, 1981) may be involved. This decline in 
productivity was incorporated into the chlorophyll budget 
and it did not explain a significant portion of the total 
algal losses. 
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It seems established then that otherwise healthy 
phytoplankon are sustaining large sinking losses in 
transiting Red Rock Reservoir. This suggests that a 
significant fraction of inflowing riverine algae 
(potamoplankton) are not well-suited to a lacustrine 
turbulence regime. The sharp decline in algal sinking 
losses between the river-inlet and near-dam segment means 
that either rapidly sinking algae are selectively removed, 
or that individual phytoplankters are reducing their sinking 
speed. Because wind and river-driven currents should 
increase algal resuspension in the shallow upstream area, 
the downstream change in phytoplankton calm-water sinking 
velocity should be even greater than suggested by the 
decline in net sinking rates. Laboratory settling 
experiments supported this argument. 
The experimental protocol I used in these experiments 
does not permit easy comparison between these results and 
other studies, but these data give a valid demonstration of 
a relative decline in calm-water algal sinking speed over 
the length of the reservoir. I did not perform enough 
sinking measurements to claim these results as 
representative, but all findings were consistent with both 
the chlorophyll budget and the sediment study. 
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Phytoplankton Size Reduction 
The longitudinal decline in turbulence and algal 
sinking at Red Rock Reservoir seems analogous to seasonal 
changes in these same parameters which alter the 
phytoplankton species composition in natural lakes (e.g. 
Knoechel and Kalff, 1975). Hutchinson (1967) believes that 
variations in turbulence may in fact be the major cause for 
most seasonal phytoplankton succession. Unlike most natural 
lakes however, the change in turbulent mixing between the 
river and reservoir is continuous, unidirectional 
(decreasing downstream) and dependent upon river discharge; 
not necessarily a seasonal phenomenon. Therefore,the 
succession of species in natural lakes associated with 
seasonal fluctuations in turbulent mixing may be paralleled 
in high flushing-rate impoundments by longitudinal algal 
succession influenced by river discharge. 
In this study,a phytoplankton community shift toward 
smaller size paralleled the algal biomass decline and 
sinking speed reduction. This was shown by chlorophyll 
size-fractionation, algal settling experiments, and size 
measurements of sedimented diatoms. Removal of larger algae 
by differential sinking could produce this pattern, and 
although alternative explanations are possible, most seem at 
odds with known conditions. 
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Zooplankton grazing, for example, is size selective and 
increases downstream, but Gliwicz (1980, 1977) shows that 
zooplankton size selectivity should favor larger algae 
downstream; not smaller. 
Hillbricht-Ilkowska et al. (1972) found in four Polish 
lakes that increased algal abundance was marked by an 
increased percentage of net plankton, and McCauley and Kalff 
(1981) believe this may be a general tendency. Since both 
algal size and abundance decrease longitudinally at Red Rock 
Reservoir, these earlier findings seem applicable. However, 
when mean chlorophyll size was regressed upon total 
chlorophyll concentration there was no significant trend 
(Table 4). This strongly suggests that algal size in this 
system is associated with the change in relative abundance 
between opposite ends of the reservoir, not with absolute 
algal density at any one location. 
Smayda (1970) points out that diatoms' unique mode of 
division yields larger cells in scenescent or nutrient 
deprived populations, but if this were a dominating factor 
then the average cell size should increase toward the dam 
where nutrients and light may be less available. 
Cell size influences specific growth rate and this 
could be important in producing a longitudinal size shift. 
In his review, Harris (1978) shows that nanoplankton often 
exhibit higher specific growth rates than net plankton, but 
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this is not always the case and the topic has been sharply 
debated (e.g. Malone, 1975; Parsons and Takahashi, 1973, 
1975; Hecky and Kilham, 1974). The data from this study in 
fact show a reduction in chlorophyll-specific productivity 
in surface waters over the reservoir's length (Figure 11) 
despite a shift toward smaller cells. But assuming that 
smaller phytoplankton do indeed grow faster, then increased 
losses (not necessarily size selective) associated with 
reservoir passage could reduce average cell size. If these 
losses also select against larger forms (as sinking might), 
they will tend to amplify the differential growth effect. 
Increased algal size, however, does not always lead to 
increased sinking velocity (blue-green algae being a notable 
exception), but many studies have shown such a pattern, 
particularly in diatoms (reviewed by Smayda 1970). If blue-
greens comprised a major portion of the phytoplankton,then 
smaller algal size would not be necessary to reduce sinking 
speed. However, the Des Moines River is normally dominated 
by diatoms, and blue-green algae are relatively rare 
(Baumann et al., 1979, 1980, 1981) so the possibility 
remains that diminished algal size over the reach of Red 
Rock Reservoir is a response to sinking losses. The data 
from this study suggest this pattern, but the results are 
not conclusive. 
The sinking experiments, for example, demonstrated both 
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enhanced sedimentation of larger size-fractions at the river 
inlet and positive buoyancy of the few large algae that 
occurred near the dam. This completely agrees with the 
size-selective sinking hypothesis, but many more such 
measurements are required to accurately characterize this 
highly variable system. From sediment core analysis I found 
increased deposition of larger diatoms in the upstream 
sediment zones. Again, exactly as predicted by the original 
hypothesis but the probability of resuspension and the lack 
of information on sestonic diatom size distribution prevents 
confident interpretation of these data. The drop in the 
phytopigment:frustule ratio in mid-pool sediments (Table 11) 
could result from larger diatoms with greater chlorophyll 
content settling out upstream, and from non-diatomaceous 
chlorophyll sinking near the dam, but these possibilities 
cannot be evaluated with available data. Overall then there 
is a strong hint that changes in phytoplankton size are 
causally linked to algal sinking losses in this system. 
Further study is need to prove this connection. If, as the 
data suggest, such a relationship exists in this 
impoundment, then it may be expected in other rapidly 
flushed reservoirs. Data on longitudinal changes in 
phytoplankton size and abundance should be collected at 
other sites to test this prediction. 
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CONCLUSIONS 
Horizontal transport and algal sinking uncouple Red 
Rock Reservoir from the usual relationships between nutrient 
levels and algal biomass. Similar phenomena in other 
rapidly flushed reservoirs may explain unexpectedly low and 
highly variable chlorophyll yields observed in such systems 
(e.g. Canfield and Bachmann, 1981). Despite high nutrient 
loads, this impoundment is an algal sink, and the 
phytoplankton standing crop must be continually renewed by 
riverine inputs to maintain the observed chlorophyll levels. 
The reservoir phytoplankon community is thus intimately tied 
to the upstream biota. 
Unlike most natural lakes, this system displays a 
horizontal shift in trophic state. Light-bottle 
productivity balances 24 h dark-bottle respiration 
(P;R = 1.3) at the upstream end of this reservoir but the 
near-dam segment is strongly heterotrophic (P:R = 0.4). 
Loss of photosynthetic capacity (algal biomass) in the 
autotrophic upstream area probably produces this shift in 
trophic status, demonstrating that reservoirs of this type 
are primarily algal processors, not producers. 
The chlorophyll budget calculations imply complete 
turnover of the algal standing crop every 1-2 d (on average) 
in the reservoir headwaters with a 3-4 d turnover in the 
near-dam segment. These are about half the average 
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hydraulic retention times in these segments. Obviously this 
is a highly dynamic system and marked fluctuations in 
riverine inputs compound this situation. The patterns 
reported here are derived from fairly long-term trends from 
which pronounced deviations occur over shorter time scales. 
Reservoir limnological studies should allow for steep 
longitudinal gradients and horizontal transport. Monitoring 
of river inputs is essential. The dynamics of rapidly 
flushed impoundments cannot be revealed by traditional 
single-site vertical sampling. 
This study disclosed some unique features of reservoir 
phytoplankton ecology. The data show that otherwise viable 
riverine algae can suffer substantial sinking losses upon 
entry into a reservoir (on the order of 0.2 d-1) and that 
selective removal or individual buoyancy adjustments of 
rapidly sinking phytoplankters can quickly (on a time scale 
of about 1 week) reduce these losses to about 0.01 d-1. 
There was a distinct downstream shift to smaller 
phytoplanktonic algae in this system. Lab experiments 
demonstrated increased sinking of larger algal size-
fractions in the few samples measured, but it cannot be 
proved from available data that diminished downstream algal 
size is generally caused by this mechanism. This phenomenon 
deserves further investigation, both at Red Rock Reservoir 
and other impoundments. 
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The algal gradient in Red Rock Reservoir is dependent 
upon high algal concentrations and the predominance of 
diatoms or other rapidly sinking algae in the Des Moines 
River. Other rapidly-flushing reservoirs located in 
eutrophic landscapes should also show a downstream 
phytoplankton decline unless riverine algal transport is 
minor, or the potamoplankton consists of primarily buoyant 
(i.e. blue-green) algae. 
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